SUMMARY

INTRODUCTION
Prions are infectious agents responsible for a group of diseases typified by sheep scrapie, bovine spongiform encephalopathy and human Creutzfeldt-Jacob disease (for reviews, see {Horwich, 1997 278 /id}; Prusiner 1998) . In mammals, the only known protein with prion properties is PrP, which in its conformationally altered prion form (PrP Sc ), is able to convert a normal host-encoded protein (PrP C ) into the prion form. Several proteins of the yeast Saccharomyces cerevisiae, similarly to mammalian prions, can undergo autocatalytic conformational rearrangement. This process can last stably for many cell generations, resulting in some cases in heritable phenotypes (Wickner et al. 2000) . The best studied of the yeast prion proteins is the translation termination factor Sup35 (eRF3) whose prion state is characterized by its aggregation and partial inactivation which causes the associated nonsense-suppressor phenotype (Patino et al. 1996; Paushkin et al. 1996) . Sup35 aggregates have a complex structure being composed of multiple small Sup35 amyloid-like prion polymers and associated proteins (Kryndushkin et al. 2003) .
Sup35 consists of the non-essential N-terminal domain responsible for [PSI + ] appearance and maintenance Ter-Avanesyan et al. 1994) , the charged middle (M) domain, which is also important for [PSI + ] propagation (Liu et al. 2002; Bradley and Liebman 2004) , and the C-terminal domain fulfilling the essential translation termination activity (TerAvanesyan et al. 1993) . The N domain of Sup35, the so-called prion-forming domain (PrD), is enriched in glutamine and asparagine residues and can be subdivided into two regions with different functions. The extreme N-terminal region (residues 1-41), designated as NQ (N domain Q-rich) region, is particularly rich in glutamine and asparagine, and implicated in both prion conversion (DePace et al. 1998 ) and in providing a species specificity determinant (Santoso et al. 2000; Hara et al. 2003) . The NQ region is followed by the region designated as NR (N domain repeats), which contains five complete copies (R1-R5) and one partial copy (R6) of the imperfect oligopeptide repeat with the consensus sequence PQGGYQQ-YN.
While the NQ region mediates sequence-specific aggregation, the NR region is required for the stable inheritance of these aggregates, possibly by mediating their fragmentation by the chaperone Hsp104 (Osherovich et al. 2004) .
A systematic deletion analysis of Sup35-PrD defined the minimum length required for stable [PSI + ] propagation as amino acids 1-93, up to and including repeat R5 (Parham et al. 2001 ); Osherovich et al. 2004 ] 'weak') show decreased mitotic stability (Derkatch et al. 1996; Kochneva-Pervukhova et al. 2001) . At the molecular level, mammalian prion strain differences can be correlated with stable variations in the prion protein structure (Bessen et al. 1995; Safar et al. 1998; Caughey et al. 1998) . However, although there are some differences in the rate of Sup35 aggregation as well as in the size of prion polymers constituting Sup35 aggregates in cells with different [PSI + ] variants (Zhou et al. 1999; Kochneva-Pervukhova et al. 2001; Kryndushkin et al. 2003) ] variability depends on differences in folding of the NR region of Sup35-PrD. To select for cells that had lost URA3 plasmids, cells were grown on 5-fluoroorotic acid (5FOA) medium (Sherman et al. 1986) . To cure cells of the [PSI + ] determinants, cells were grown from single cells to colonies on medium containing 3 mM guanidine hydrochloride (GuHCl) (Tuite et al. 1981) . For assaying the [PSI + ] suppressor phenotype, SC low Ade -His, (supplemented with 0.07 mg/ml of adenine sulfate) or modified YPD (YPDred; 0.5% yeast extract, 2% peptone, 4% glucose) medium was used because these media promote accumulation of red pigment in the ade2 mutants. Bacteria were grown at 37 o C on 2×YT medium (Sambrook et al. 1989) . All solid media contained 2% (w/v) agar. DNA transformation of yeast cells was performed using the lithium acetate method (Gietz & Woods 2002) .
MATERIALS AND METHODS
Media
Centromeric plasmids carrying HIS3 and either wild type SUP35 or SUP35 deletion alleles encoding mutant proteins Sup35∆N, Sup35R0, Sup35R1, Sup35R1-2, Sup35R1-3, Sup35R1-4 and Sup35R1-5, were previously described by (Parham et al. 2001 The centromeric URA3 plasmid pRS316-SUP35 carrying wild type SUP35 and multicopy LEU2 plasmid pTR30-1 with SUP35 from Pichia methanolica were previously described (Kushnirov et al. 1990 ). (Cox 1965 Electrophoresis: For separation of prion particles, horizontal 1.8% agarose gels in TrisAcetate-EDTA (TAE) buffer with 0.1% SDS were used as described by (Kryndushkin et al. 2003) . To analyze Sup35 polymers and monomers in a single gel, the standard SDS-PAGE system (Laemmli 1970) To monitor the incorporation of Sup35 into prion polymers, a novel method was developed, based on the insolubility of Sup35 polymers in SDS at room temperature. Lysates of cells expressing both complete and truncated Sup35 were mixed with SDS sample buffer and loaded on a gel without boiling. The Sup35 monomers separated, while polymers were trapped at the origin of the gel. After about a quarter of the run time, the gel was taken out, (Kryndushkin et al. 2003) and some Sup35 polymers are recognized poorly, if at all (Salnikova et al. 2005 ). Here we show that the fragmentation decreased with a reduction in the number of Sup35-PrD repeats suggesting that the NR region of Sup35-PrD provides the key determinants for Hsp104 recognition. A similar suggestion was made by Osherovich et al. (2004) , but without experimental evidence to support the proposal. The importance of the NR region for fragmentation of Sup35 polymers was inferred from the properties of NQ region, which was able to polymerize, but unable to support [PSI + ]. This would imply that the polymers of the Sup35R0 mutant do not experience fragmentation and thus the NR region is required to allow fragmentation of Sup35 polymers by Hsp104. Here, we have shown the importance of the NR region for fragmentation of the Sup35 polymers: the size of Sup35 prion polymers gradually increased with a reduction in the number of Sup35-PrD oligopeptide repeats. In the absence of repeats, the fragmentation efficiency was insufficient for [PSI + ] maintenance. Thus, the NR region may serve as a target for recognition by Hsp104 for subsequent fibril fragmentation. These data may be also explained in a different way. The decreased recognition by Hsp104 may be due to shielding of the amyloid core by the Sup35 MC domains. If we assume the "nanotube" structure (Perutz et al. 2002) for the Sup35 prion domain, the length of amyloid fibril per Sup35 monomer is proportional to the length of amyloidogenic sequence. The N-terminal deletions made in Sup35 would decrease the space between the Sup35 MC domains, and thus reduce the Hsp104 access to the amyloid core. This scenario appears less likely since there is no evidence that the MC domains of Sup35 can efficiently shield the amyloid core. The phenotypic difference of [PSI + ] variants is usually due to difference in fragmentation of Sup35 polymers, and only in one case was the rate of polymerization significantly altered (Kryndushkin et al. 2003, our unpublished data) .
Therefore, differential folding of the NR region should define the [PSI + ] variability. Our coexpression experiments also confirmed the conclusion of Osherovich et al. (2004) , that NQ is sufficient for Sup35 polymerization. However, an important reservation should be made: the NR region, or at least a part of it, was required for efficient Sup35 polymerization. Sup35 lacking the NR sequence polymerized about 10-fold less efficiently than full length Sup35 when they were co-expressed (Figure 3 ). (and to . This suggests that the missing repeats are involved in prion structure. When [PSI + ] was returned to the full-length Sup35, the original phenotype was restored. Thus, the information about the specific fold of the missing repeats was preserved in their absence. This striking result may be explained, if we assume that the NR region forms a β-helical nanotube (Perutz et al. 2002; Krishnan and Lindquist 2005) with two repeats (19 residues) per turn. It should be noted that the repeat length is not uniform, but regularly alters from 9 to 10 residues. This suggests that the actual repeating unit consists of two repeats, which also represents a minimal length of a turn in the nanotube model. In such tubes, other repeats would fold in the same way as the first two. Thus, the first two repeats would be sufficient to preserve the folding of the repeat region. Interestingly, the nanotube model can also explain the inability of Sup35R1-2 and Sup35R1-3 to maintain weak [PSI + ] if one assumes that, in weak folds, four repeats are used per one helical turn. Then, at least four repeats would be required for a stable "weak" structure.
Propagation of prion conformation represents a templated process, which suggests that the prion fold cannot alter during propagation; it can only appear and disappear. However while Sup35R1-2 and Sup35R1-3 can not maintain the weak prion folds. This suggests that when Sup35R0 or Sup35R1 incorporate into a growing Sup35 "strong" prion polymer, and Sup35R1-2 or Sup35R1-3 are incorporated into a "weak" one, they transfer the conformational information for the NQ, but not for the NR region ( Figure 6 ). The NR region will then lose its original prion fold and acquire a new one which would be poorly recognized by Hsp104. According to our recent observations (Salnikova et al. 2005) the Sup35 prion domain, including the repeat region, can be shuffled without apparently blocking its ability to form prion and different prion variants. This would suggest that the repeats per se are not required for prion formation and variability, which is consistent with the lack of oligopeptide repeats in the Ure2 and Rnq1 prion proteins. However, the observations made by Ross et al. (2005) The transformants carried plasmids encoding Sup35 proteins as indicated. Transformants producing Sup35 only had the empty vector instead of the plasmid encoding mutant Sup35.
[PSI + ] maintenance in three independent transformants with each plasmid combination was analyzed and the standard error is indicated 
